Bacterial membranes are highly organized, containing specific microdomains that facilitate distinct protein and lipid assemblies. Evidence suggests that cardiolipin molecules segregate into such microdomains, probably conferring a negative curvature to the inner plasma membrane during membrane fission upon cell division. 3,6-Dinonyl neamine is an amphiphilic aminoglycoside derivative active against Pseudomonas aeruginosa, including strains resistant to colistin. The mechanisms involved at the molecular level were identified using lipid models (large unilamellar vesicles, giant unilamelllar vesicles, and lipid monolayers) that mimic the inner membrane of P. aeruginosa. The study demonstrated the interaction of 3,6-dinonyl neamine with cardiolipin and phosphatidylglycerol, two negatively charged lipids from inner bacterial membranes. This interaction induced membrane permeabilization and depolarization. Lateral segregation of cardiolipin and membrane hemifusion would be critical for explaining the effects induced on lipid membranes by amphiphilic aminoglycoside antibiotics. The findings contribute to an improved understanding of how amphiphilic aminoglycoside antibiotics that bind to negatively charged lipids like cardiolipin could be promising antibacterial compounds.
Multidrug-resistant microbial pathogens (1, 2) have become a worldwide problem that threatens the efficacy of many drugs commonly used to treat patients suffering from severe infections. Approximately 10% of all hospital-acquired infections are the results of Pseudomonas aeruginosa infections, a Gram-negative, opportunistic human pathogen. This pathogen infects immunosuppressed patients, leading to high fatality rates in patients hospitalized with cancer, cystic fibrosis, and burns. To confront this challenge, it is crucial to develop new antibiotics and/or new targets.
The bacterial cell membrane shares similarities with mammalian cell membranes, including the presence of functionally differentiated regions. These distinct assemblies of proteins and/or lipids (3) are related to the regulation of many core processes, such as chromosomal and cell division-related events (4, 5) . Membrane curvature is potentially responsible for preferential lipid self-assembly behaviors as well as osmosensing (6) and folding of membrane proteins (7) .
Cardiolipin (CL) 4 is a lipid located primarily in the inner membrane of Gram-negative bacteria like Pseudomonas aeruginosa or Escherichia coli (8, 9) . In some bacteria like Salmonella, this lipid has also been found in the outer membrane (10, 11) . Cardiolipin has been described for its predisposition to be organized into clusters (12) . This structurally unusual phospholipid carries two negative charges (13) due to its dimeric structure consisting of two phosphatidyl residues connected by a glycerol bridge and four associated fatty acyl chains, which are characterized by a high degree of symmetry and unsaturation (14) . Cardiolipin is known for its sensitivity to stressors, such as the addition of organic solvents, high salt content, or quaternary ammonium compounds (15) . Another striking characteristic of cardiolipin is the comparatively small cross-section of its headgroup relative to the cross-section of its four large tail groups. This discrepancy results in a molecule with a large intrinsic negative curvature (16) , also described previously for phosphatidylethanolamine (PE) (17) , which facilitates the insertion of membrane proteins. The cross-sectional size difference further explains the location of cardiolipin-enriched regions at the pole and/or the division septum, which can in turn relate to the polar localization of many proteins, including * This work was supported by the Belgian Funds for Scientific Research those involved in cell division and osmosensing (6) . In particular, in E. coli, cardiolipin is known to enhance the activity of the glycosyltransferase MurG involved in peptidoglycan biosynthesis (18) .
A growing body of data supports the existence of segregated domains for bacterial lipids other than cardiolipin (19, 20) , such as the negative curvature-inducing phosphatidylethanolamine (3, 21) and phosphatidylglycerol (PG) (21, 22) , which exhibits a tendency toward a positive curvature (23) .
As part of the search for new antibiotics active against Gramnegative bacteria, the cell membranes have become a promising target. We previously synthesized a series of amphiphilic neamine derivatives active against both sensitive and resistant P. aeruginosa (24 -27) . The derivatives di(2-naphthyl)propyl neamine, 3Ј,6-di(2-naphthyl)butyl neamine, and 3Ј,6-dinonyl neamine showed low toxicity and high activity, including against colistin-resistant strains (26, 27) . Recently, we investigated how these amphiphilic neamine derivatives alter the bacterial outer membrane by changing the divalent metal bridges between LPSs and disordering the hydrophobic core of the LPSs (27) . A bactericidal effect may arise from the specific binding of amphiphilic aminoglycosides to LPS membrane interfacial zones, inducing destabilizing lipid exchanges between the outer and the inner membranes or from their translocation to the inner membrane, possibly leading to the creation of defects/pores. The present study sought to characterize the interaction between amphiphilic neamine derivatives and the lipids of the inner membrane of bacteria at the molecular level. We focused on the lipid cardiolipin and selected 3Ј,6-dinonyl neamine, one of the most promising compounds found among the 70 derivatives in our library. First, we investigated the ability of 3Ј, 6-dinonyl neamine to induce membrane permeabilization (N-phenylnaphthylamine (NPN) and propidium iodide (PI) assays; calcein release) and depolarization (3,3Ј-dipropylthiadicarbocyanine iodide (DiSC 3 (5)) fluorescence) of P. aeruginosa as well as membranes of large unilamellar vesicles (LUVs) composed from POPE/POPG/CL (60:21:11), POPE/CL (7:3), and POPE/POPG (7:3). Second, we characterized the interaction between this selected neamine derivative and the three main lipids found in bacterial membranes especially in the inner membrane of P. aeruginosa, PE, PG, and CL (28 -31) . By using 10-N-nonyl acridine orange (NAO) fluorescence, we compared the binding of 3Ј,6-dinonyl neamine to negatively charged lipids of LUVs composed of POPE/POPG/CL (60:21:11), POPE/ POPG (7:3), and POPE/CL (7:3). Langmuir studies were used to determine the effect of 3Ј,6-dinonyl neamine on CL, POPE, and POPG monolayer organization. On giant unilamellar vesicles (GUVs) mimicking the inner membrane of P. aeruginosa (POPE/POPG/CL, 60:21:11), we monitored membrane permeabilization and identified the molecular mechanisms involved. In particular, by using confocal microscopy, we investigated the propensity of the amphiphilic neamine derivative to alter cardiolipin location and to induce hemifusion. The latter effect was supported by membrane fusion without content mixing, as determined by using an octadecylrhodamine B dequenching assay and 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS)/p-xylene-bis-pyridinium bromide (DPX) quenchinq assay, respectively) on POPE/ POPG/CL, 60:21:11 LUVs. Results are discussed with respect to the changes in P. aeruginosa morphology observed after treatment with 3Ј,6-dinonyl neamine. Our findings contribute to an improved understanding of how amphiphilic aminoglycoside antibiotics acting on lipid domains, including cardiolipin clusters, could be promising antibacterial compounds.
Experimental Procedures
Décout and colleagues (26) previously synthesized the tetratrifluoroacetate salt of 3Ј,6-O-dinonyl neamine (3Ј,6-dinonyl neamine), which we stored as a stock solution in water (10 mg/ml). P. aeruginosa strain ATCC 27853 was obtained from the Pasteur Institute (Brussels, Belgium; Prof. R. Vanhoof). POPE, POPG, heart bovine CL, and its fluorescent analogue TopFluor-cardiolipin (TF-CL) were purchased from Avanti Polar Lipids (Alabaster, AL). PI, DiSC 3 (5), NAO, Texas Red-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (TR-PE), octadecylrhodamine B (R 18 ), ANTS, and DPX were ordered from Invitrogen (Paisley, Scotland, UK). Calcein, purchased from Sigma-Aldrich, was purified according to previous descriptions (32) . Polydimethylsiloxane was kindly provided by Henri Burhin and Christian Bailly (UCL/SST/IMCN, Louvainla-Neuve, France). All other analytical grade reagents were purchased from E. Merck AG.
P. aeruginosa Culture-We used TSA Petri dishes to grow P. aeruginosa ATCC 27853 overnight at 37°C. One colony was suspended in cation-adjusted Müller-Hinton broth (MHB-CA) and incubated overnight at 37°C on a rotary shaker (130 rpm). The bacterial suspension was diluted 10-fold in MHB-CA and incubated (300 rpm; 37°C; 3 h) until it reached the end of the mid-logarithmic phase (A 620 ϳ0.7-0.8). Bacterial cells were isolated through centrifugation (3000 ϫ g, 20°C, 10 min), washed with HEPES buffer (5 mM, pH 7.4), centrifuged again, and resuspended in HEPES buffer to an A 600 of 0.05.
Bright Field Microscopy of P. aeruginosa ATCC27853-Phase-contrast microscopy was used to analyze the effect of 3Ј,6-dinonyl neamine on bacterial morphology. ATCC27853 was grown overnight at 37°C. This preculture was diluted 100fold in fresh MHB-CA and incubated at 37°C in the presence of 3Ј,6-dinonyl neamine at its minimum inhibitory concentration (4 g/ml, ϳ7 M) as compared with controls. Every hour, small aliquots of these cultures were collected and observed using a Zeiss Axio Observer Z1 microscope equipped with a ϫ100 magnification oil immersion objective.
LUV Preparation and Size Determination Using Dynamic Light Scattering Measurements-LUVs composed of the three main lipids found in the inner membrane of P. aeruginosa (28 -31) were prepared with the extrusion method from multilamellar vesicles. Phospholipids (5 mg/ml in CHCl 3 /CH 3 OH (2:1, v/v)) were mixed in the desired molar ratio, namely POPE/ POPG/CL, 60:21:11; POPE/POPG, 7:3; and POPE/CL, 7:3. Multilamellar vesicles were prepared according to the freezethawing method in an aqueous buffer (10 mM Tris-HCl, pH 7.4), eventually containing calcein (73 mM) or KCl (150 mM). LUVs were then obtained with 10 successive extrusions of multilamellar vesicles through two superimposed track-etch polycarbonate membranes (pore size ϭ 100 nm; Whatman Nucleo-pore, Corning Costar Corp., Badhoevedorp, The Netherlands) using a 10-ml Thermobarrel extruder (Lipex Biomembranes, Vancouver, Canada). For calcein-filled LUVs, Sephadex gel filtration was used to remove the unencapsulated calcein with the minicolumn centrifugation technique (32, 33) .
Dynamic light scattering measurements were used to control the size and polydispersity of the LUVs. The apparent average diameter of the suspended particles was monitored by using a Malvern Zetasizer Nano ZS (Malvern Instruments, Ltd., Worcestershire, UK) equipped with a helium-neon laser and added back scattering detection at 173°. The LUV suspension (1 ml) was exposed to dynamic light scattering in a polystyrene cuvette, a size distribution obtained by accumulating three measurements consisting of 13 successive runs of 10 s. After the addition of a small aliquot of 3Ј,6-dinonyl neamine stock solution, dynamic light scattering measurements after 15 min of incubation were taken. All measurements were repeated at least three times. We used the Zetasizer Nano Software (supplied with the apparatus) to analyze the normalized intensity autocorrelation functions with the CONTIN algorithm. The phospholipid concentration in LUV suspensions was determined with a Bartlett phosphate assay (34); iso-osmotic buffers were used to make any necessary adjustments.
GUV Preparation-GUVs were prepared by the electroformation method (35) . We mixed lipids in respective molar ratios of POPE/POPG/CL, 60:21:11. GUVs were labeled with TR-PE (0.1 mol%) for permeabilization studies and with TR-PE (0.1 mol%) and TF-CL (0.2 mol%) for PE and CL visualization. The lipid mixture was spread (2.5 g/cm 2 ) on a glass slide coated with indium tin oxide and dried for 15 min under vacuum. To build the electroformation chamber, the first slide was covered with a second indium tin oxide-coated slide spaced with polydimethylsiloxane containing 5% fumed silica. The electroformation chamber was filled with buffer (2.5 mM Tris-HCl, pH 7.4, and 0.2 M sucrose), closed with polydimethylsiloxane. The GUVs were formed by applying a sinusoidal alternating current of 500 Hz and 3.25 V for 2 h at 45°C.
The GUVs were detached from the indium tin oxide-coated slide by moving an air bubble within the electroformation chamber. The aqueous volume was completely collected. 50 l of GUVs were introduced into an observation cell composed of a glass slide and a coverslip spaced by a silicon spacer. Then 150 l of buffer (2.5 mM Tris-HCl, pH 7.4, and 0.2 M glucose), with and without the addition of 3Ј,6-dinonyl neamine, were added to the observation cell; the content was stirred gently and protected from light for 15 min before the observation using microscopy at room temperature. The 3Ј,6-dinonyl neamine concentration was adjusted for each sample to maintain a drug/ lipid ratio comparable with that in the LUV experiments. The lipid concentration was determined based on a calibration curve that represents the TR-PE fluorescence intensity recorded with an LS55 spectrofluorimeter (PerkinElmer Ltd., Beaconsfield, UK) (emission at 595 nm (slit 15 nm) and excitation at 555 nm (slit 10 nm)).
Outer and Inner Bacterial Membrane Permeabilization-We examined the permeabilization of the outer membrane by determining the fluorescence of NPN, which is highly dependent on the polarity of the environment. When the barrier properties of the outer membrane in Gram-negative bacteria are compromised, NPN is accumulated in the hydrophobic core of the outer membrane, and the fluorescence intensity is increased (36, 37) . The experiment was performed as described elsewhere (27) with some modifications; the optical density of the bacterial suspension was set to A 600 of 0.05, and the NPN concentration was set to 1 M. Five min after the addition of 3Ј,6-dinonyl neamine, the NPN fluorescence spectrum was recorded (5 accumulated scans in a range of 350 -550 nm, slits 2.5 nm, 500 nm/min) at an excitation wavelength of 350 nm (LS55 spectrofluorimeter, PerkinElmer Ltd.). The data were normalized based on the fluorescence of NPN in the presence of colistin 10 M (100%).
The permeabilization of the inner bacterial membrane was determined with a membrane-impermeable fluorescent dye (PI), which is accessible to permeabilized bacteria only. A stock solution of PI (3 mM in pure water) was diluted 10 3 -fold with the bacterial suspension (A 600 of 0.05). 3Ј,6-Dinonyl neamine in HEPES buffer, at final concentrations ranging from 1 to 10 M, was added to the PI-containing bacterial suspension in 96-well microplates. The fluorescence intensity was measured with a SpectraMax M3 microplate reader at 25°C after 15 min of stabilization (Molecular Devices, Sunnyvale, CA) for excitation and emission wavelengths of 540 and 610 nm, respectively. The data were normalized based on the fluorescence intensity measured in the presence of either 150 M quaternary ammonium hexadecyltrimethylammonium bromide (positive control, 100%) (38) or imipenem (negative control, 0%).
Bacterial Membrane Depolarization-We investigated the depolarization of bacterial membranes and LUVs by using the membrane potential-sensitive fluorescent probe DiSC 3 (5) . Once DiSC 3 (5) is localized predominantly in a polarized membrane, its max is close to 678 nm. After membrane depolarization, DiSC 3 (5) is released into the aqueous medium, increasing the fluorescence intensity (39) .
P. aeruginosa ATCC 27853 were grown and isolated as described above. Before the addition of DiSC 3 (5), the bacterial suspension (A 600 ϭ 0.05) was supplemented with EDTA (50 mM in HEPES buffer) and with KCl (2.5 M in HEPES buffer) to 0.2 and 100 mM, respectively. The DiSC 3 (5) probe was added (0.4 M final concentration), and the bacterial suspension was incubated in the dark for 30 min at 37°C. 3Ј,6-Dinonyl neamine was distributed in a 96-well microplate; thereafter, the bacterial suspension containing DiSC 3 (5) was added to obtain a final derivative concentration ranging from 0.5 to 10 M. A preliminary experiment, without bacterial cells, was performed to ensure that the presence of 3Ј,6-dinonyl neamine had no effect on DiSC 3 (5) fluorescence. To determine the ability of 3Ј,6-dinonyl neamine to depolarize the bacterial membrane, the membrane was artificially hyperpolarized before adding the amphiphilic aminoglycoside derivative using KCl and EDTA to allow the passage of DiSC 3 (5) across the outer membrane. An increase in DiSC 3 (5) fluorescence indicates an equilibrium of the extra-and intracellular K ϩ content. The K ϩ -specific ionophore valinomycin was used as a positive control (40) . Readings were performed with excitation and emission wavelengths of 622 and 670 nm, respectively.
Permeabilization of LUVs and GUVs-The permeabilizing effect of 3Ј,6-dinonyl neamine was investigated by using calcein-filled LUVs and GUVs. Calcein-filled LUVs composed of POPE/POPG/CL (60:21:11), POPE/POPG (7:3), and POPE/CL (7:3) were prepared using 10 mM Tris-HCl (pH 7.4) and calcein 73 mM (390 mosmol/liter measured with the freezing point technique (Knauer osmometer automatic, Berlin, Germany)); the LUVs were diluted with 10 mM Tris-HCl (pH 7.4) buffer containing 159 mM NaCl. A small amount of 3Ј,6-dinonyl neamine was added to 1 ml of calcein-filled LUVs to obtain concentrations ranging from 0.1 to 5 M. The release of calcein from the LUVs and its dilution in the medium resulted in fluorescence dequenching (41) , which was monitored over time. Experiments were performed at 25°C using an LS55 spectrofluorimeter (PerkinElmer) with excitation and emission wavelengths fixed at 472 and 512 nm, respectively. For each experiment, the percentage of calcein that was released was determined by measuring the initial fluorescence and the maximum fluorescence obtained after the addition of Triton X-100 (0.05%). Control experiments were performed with conventional aminoglycosides (gentamicin and neomycin B), neamine (showing no significant calcein release), and colistin, all at 10 M.
Calcein-filled GUVs labeled with TR-PE were electroformed (as described above) using a Tris-HCl (2.5 mM, pH 7.4, 0.2 M sucrose) buffer supplemented with calcein (20 M). The GUVs were diluted 10-fold in buffer (2.5 mM Tris-HCl, pH 7.4, 0.2 M glucose) containing a 3Ј,6-dinonyl neamine/anionic lipid ratio comparable with that used in calcein-filled LUV experiments. After incubation in the dark, samples were observed through confocal microscopy. Calcein was observed in the green channel. About 20 snapshots of single and joined GUVs were collected, and the difference of fluorescence of calcein between inside and outside was measured using AxioVision software.
LUV Depolarization-Dissipation of membrane potential using LUVs was determined according to Tiriveedhi and Butko (42) . Briefly, LUVs composed of POPE/POPG/CL (60:21:11), POPE/POPG (7:3), and POPE/CL (7:3) were prepared in 10 mM Tris-HCl (pH 7.4), 150 mM KCl buffer and diluted at 5 M in 10 mM Tris-HCl (pH 7.4), 150 mM NaCl in the presence of 4 M DiSC 3 (5). 10 M valinomycin was added immediately to the cuvette, and the value of the membrane potential was adjusted according to the Nernst equation,
where ⌬ is the membrane potential, R is the universal gas constant, T is the absolute temperature, Z is the charge of the transported ion, F is the Faraday constant, and C is the concentration of potassium ions. The DiSC 3 (5) emission at 668 nm (slit 15 nm) was recorded after an excitation wavelength of 615 nm (slit 10 nm) using an LS55 spectrofluorimeter (PerkinElmer). After stabilization of the fluorescence signal, 3Ј,6-dinonyl neamine was added successively with increasing concentrations ranging from 0.25 to 3 M. Binding to Anionic Lipid-NAO has been widely used to visualize CL and PG domains in bacterial membranes through spe-cific Stokes shift of the emission peak when bound to anionic lipids (43, 44) . The ability of 3Ј,6-dinonyl neamine to displace NAO from its binding to anionic lipids in LUVs was measured by following the increase of NAO fluorescence. The selfquenching of the emission peak at 520 nm was titrated by NAO to determine the optimal NAO concentration. Fluorescence measurements were recorded 5 min after the successive addition of NAO (3 mM in ethanol) to 1 ml of LUV suspension (5 M phosphate). The optimal NAO concentration for LUVs composed of POPE/POPG/CL (60:21:11), POPE/POPG (7:3), and POPE/CL (7:3) was 2.1, 1.5, and 2.3 M, respectively. These values are close to the theoretical concentration corresponding to the ratios NAO/POPG (1:1) and NAO/CL (2:1).
In a 96-well microplate, 3Ј,6-dinonyl neamine was added to NAO-containing LUVs in triplicate. Fluorescence intensities were measured following a 15-min stabilization period at room temperature. The NAO fluorescence was recorded at 25°C using a SpectraMax M3 Microplate Reader (Molecular Devices, Sunnyvale, CA) with excitation and emission wavelengths of 488 and 520 nm, respectively. The data were normalized based on the fluorescence intensity in LUV-free wells (maximum fluorescence of NAO in solution, 100%) and 3Ј,6dinonyl neamine-free wells (minimum fluorescence of lipidbound NAO, 0%).
Confocal Microscopy of GUVs-GUVs were widely used to investigate physicochemical properties of lipid mixtures, including the formation of lipid domains linked to phase separation processes and vesicle fusion (45) . The GUVs were observed in the red channel for TR-PE (excitation at 561 nm and emission at 617 nm) and in the green channel for TF-CL (excitation at 488 nm and emission at 530 nm). An Axio Observer Z1 inverted microscope (Carl Zeiss, Jena, Germany) equipped with a model CSU-X1 spinning disk (Yokogawa Electric Corp., Tokyo, Japan) and a Plan-Apochromat ϫ100/1.40 numerical aperture oil DIC M27 objective (Carl Zeiss) was used. Images were recorded and analyzed with an Axio-CamMR3 camera using Carl Zeiss AxioVision version 4.8.2 software.
Membrane Fusion and Content Mixing of LUVs-Fusion of membranes and content mixing were monitored on LUVs. First, R 18 , a lipid-soluble probe, was incorporated into a lipid membrane as its fluorescence became self-quenched in direct proportion with its concentration (in a 1-9-mol % range). A decrease in its surface density (46) is associated with an increase in the fluorescence intensity of the preparation. Labeled liposomes were obtained by incorporating R 18 in the dry lipid film at a molar ratio of 5.7% with respect to the total lipids and diluted to a concentration of 5 M in average lipid. They were then mixed with unlabeled liposomes adjusted to the same concentration, at a ratio of 1:4. The variation of the fluorescence intensity of the preparation was thereafter followed at room temperature during 5 min, using a ex of 560 nm and a em of 590 nm. Second, an ANTS-DPX assay was used for monitoring content mixing. Lipid films were emulsified in buffer A (10 mM Tris-HCl, 150 mM NaCl) containing 25 mM ANTS and/or 90 mM DPX and thereafter extruded. The unincorporated ANTS and DPX were removed on a Sephadex G-50 column equilibrated with buffer A (47). ANTS liposomes (1:3, v/v) were added to DPX liposomes (2:3, v/v), and fluorescence of ANTS was followed at 530 nm (excitation at 384 nm). Mixing of ANTS and DPX is registered as a decrease in ANTS fluorescence due to quenching by DPX. Leakage was measured with liposomes containing both ANTS and DPX. Calcium chloride at 25 mM was used as a positive control.
Surface Pressure-Area Compression Isotherms-To examine the effect of 3Ј,6-dinonyl neamine on lipid packing, surface pressure-area compression isotherms were recorded with an automated Langmuir trough (Microtrough X, Kibron, Helsinki, Finland) equipped with a rectangular Teflon trough (width ϭ 5.8 cm, length ϭ 23.1 cm), two hydrophilic Delrin mobile barriers (symmetric compression), a platinum Wilhelmy wire, and a temperature probe. The system was enclosed in a plexiglass box, and the temperature was maintained at 24.8 Ϯ 0.7°C.
The cleanliness of the surface was ensured by aspiration of the subphase surface before each experiment. The platinum wire was cleaned by rinsing with isopropyl alcohol and heating to a red glow between two experiments. A buffer (10 mM Tris-HCl, pH 7.4) was used as the subphase. Either POPE, POPG, or CL (initially dissolved at a concentration of 0.5 mg/ml in CHCl 3 /MeOH (2:1, v/v)) was spread on the surface drop by drop with a microsyringe (Hamilton). After an equilibration time of 15 min, the film was compressed at a rate of 5 mm/min. 3Ј,6-Dinonyl neamine was solubilized in the subphase at 0.1 M before spreading the lipid. Each compression isotherm was repeated at least two times; the relative S.D. in surface pressure and area was Յ5%.
Results
Morphology of P. aeruginosa-The effect of 3Ј,6-dinonyl neamine on P. aeruginosa morphology was assessed through bright field microscopy. P. aeruginosa was treated (Fig. 1A,  right) with the 3Ј,6-dinonyl neamine derivative at a concentration equal to its minimum inhibitory concentration for 7 h. The control (Fig. 1A, left) was grown under the same conditions but in the absence of 3Ј,6-dinonyl neamine.
Initially, both treated and untreated samples showed the classical rod-shaped morphology of Pseudomonas. The shape was maintained after 7 h in the control conditions. In contrast, in the presence of 3Ј,6-dinonyl neamine, shape and length were altered. Moreover, microcolonies were observed in the control conditions, whereas no division was observed even after 7 h of incubation in the presence of 3Ј,6-dinonyl neamine. Because cell division largely involves membranes, this effect on P. aeruginosa morphology prompted us to investigate the ability of 3Ј,6-dinonyl neamine to modify the biophysical properties of bacterial membranes.
P. aeruginosa Outer and Inner Membrane Permeabilization-To investigate whether changes in morphology induce
changes in membrane permeability that could be involved in antibacterial effect, we used specific probes (NPN and PI) to monitor outer and inner membrane permeation, respectively. A permeabilized outer membrane accumulates NPN into its hydrophobic core accompanied by an increase in fluorescence (36 -38) . Likewise, when PI passes through the cell membrane and binds to nucleic acids, fluorescence intensity increases (48) . Fig. 1B shows that 3Ј,6-dinonyl neamine induced a dose-dependent permeabilization of both the outer and inner membranes. The effect on the outer membrane was observed immediately after the addition of the amphiphilic neamine derivative, whereas 2 M was required to induce inner membrane permeabilization. A plateau value was reached at around 4 M for both outer and inner membrane permeabilization. Consequently, 3Ј,6-dinonyl neamine concentration required to alter membrane permeability was slightly higher for the inner than for the outer membrane.
P. aeruginosa Membrane Depolarization-We further examined the ability of 3Ј,6-dinonyl neamine to depolarize the inner bacterial membrane (Fig. 1C) . The membrane potential-sensi- tive probe DiSC 3 (5) , known to accumulate in hyperpolarized cell membranes, where its fluorescence is quenched, was used (40) . When depolarization occurs, the probe is released in solution, resulting in fluorescence intensity increase (39) . Depolarization was observed from around 3.5 M 3Ј,6-dinonyl neamine. A plateau value was reached at 25 M (Fig. 1C) .
LUV Membrane Permeabilization and Depolarization-To gain further insight into the ability of 3Ј,6-dinonyl neamine to permeabilize membranes, we monitored the release of calcein (32, 41) from LUVs composed of POPE/POPG/CL (60:21:11), POPE/CL (7:3), and POPE/POPG (7:3). Regardless of lipid composition ( Fig. 2A) , we observed a dose-dependent calcein release from LUVs incubated with 3Ј,6-dinonyl neamine at concentrations ranging from 0.25 to 1.7 M. After the addition of 3Ј,6-dinonyl neamine at 1 M, Ͼ80% of calcein was released in the presence of cardiolipin, whereas only around 50% was released when cardiolipin was absent. These differences could reflect differences in mechanism (all-or-none versus graded mechanisms) (49) , but further studies are required to confirm this. Fig. 2B shows the effect of 3Ј,6-dinonyl neamine on DiSC 3 (5) fluorescence for liposomes. The cumulative addition of 3Ј,6dinonyl neamine showed an increase in DiSC 3 (5) fluorescence, reflecting its release from the depolarized membrane. For the three lipid compositions selected, depolarization was observed from 0.5 M. The rate of the process was higher for liposomes containing cardiolipin.
All together, these results showed the critical role of cardiolipin for membrane permeabilization and depolarization induced by 3Ј,6-dinonyl neamine. In the presence of PG, a very different pattern was obtained for both processes.
NAO Staining of LUVs-To identify the roles of CL and PG in 3Ј,6-dinonyl neamine-induced membrane depolarization, we used NAO, a fluorescent cationic amphiphilic probe known to bind to negatively charged lipids and used in cell imaging, to reveal PG-or CL-containing lipid domains (43, 44) .
LUVs (POPE/POPG/CL, 60:21:11; POPE/POPG, 7:3; and POPE/CL, 7:3) were labeled with NAO, and increasing concentrations of 3Ј,6-dinonyl neamine were added. An increase in NAO fluorescence, depending on the 3Ј,6-dinonyl neamine concentration, was observed, indicating that NAO was displaced from LUVs as a result of 3Ј,6-dinonyl neamine binding to negatively charged lipids (Fig. 2C ). In the presence of cardiolipin, EC 50 values were higher as compared with EC 50 values for liposomes without cardiolipin, reflecting a preferential binding of 3Ј,6-dinonyl neamine to cardiolipin.
GUV Permeabilization and Cardiolipin Location-To directly visualize the effects of 3Ј,6-dinonyl neamine on membrane permeabilization, the comparatively large size of GUVs was exploited by using microscopy (Fig. 3, left) (50) . When GUVs were incubated with concentrations of 3Ј,6-dinonyl neamine selected to maintain a drug/lipid ratio comparable with that for LUV experiments, a striking first observation was the presence of two types of populations: single and joined liposomes. A similar behavior has also been reported for antimicrobial peptides (51) . Hemifused liposomes represented ϳ60% of the total population. Based on the green fluorescence of calcein, we quanti-fied the membrane permeabilization induced by the 3Ј,6dinonyl neamine derivative by calculating the difference in calcein fluorescence intensity between inside and outside, in com- parison with control samples. For single liposomes, we observed a statistically significant release of calcein from GUVs. For joined liposomes, membrane permeabilization was not uniform throughout the joined structures. After initial changes, no more changes occurred during the 1-6-h incubation period.
Because GUVs also allow us to visualize the formation of lipid domains linked to phase separation processes (50), we determined the effect of 3Ј,6-dinonyl neamine on cardiolipin localization. Fig. 3 (right) shows that after incubation with 3Ј,6dinonyl neamine, CL was co-localized with PE in small clusters, sections with increased membrane curvature, and fusion points in the joined GUV population. Moreover, a clear overall lipid reorganization was observed.
Size, Membrane Fusion, and Content Mixing of LUVs-To further characterize the effect of 3Ј,6-dinonyl neamine in changes in vesicle morphology resulting in hemifused liposomes, we first monitored the size of LUVs (POPE/POPG/CL, 60:21:11) incubated with 3Ј,6-dinonyl neamine (Fig. 4A) . The results showed a progressive increase of the apparent radius, which did not exceed 400 nm. The effect started at concentrations close to 0.5 M and reached a plateau value at 2 M 3Ј,6dinonyl neamine.
Second, hemifusion suggested by confocal microscopy on GUVs implies the fusion of the outer layers of each vesicle where the stable bilayer at the interface of the independent compartments is composed of the two inner layers (52) . To confirm this process, we monitored membrane fusion and content mixing by using the self-quenching properties of R 18 and the quenching of ANTS by DPX (46, 47) , respectively. The addition of 3Ј,6-dinonyl neamine to POPE/POPG/CL (60:21:11) LUVs showed a rapid membrane fusion (Fig. 4B ) without content mixing (Fig. 4C ). Once membrane fusion was induced, the fusion rate was independent of the concentration of the derivative (Fig. 4B) . Results obtained on GUVs independently labeled with two fluorescent probes confirmed lipid mixtures (data not shown). Taken together, these results suggest the presence of a stable single bilayer obtained concomitantly with the fusion of the outer layer of fusing GUVs as present in hemifusion intermediates.
Mean Molecular Area-To obtain insight into the effect of 3Ј,6-dinonyl neamine on individual lipids and especially on the mean molecular area, we determined the compression isotherms corresponding to the lipid monolayers spread on a subphase containing 3Ј,6-dinonyl neamine. The isotherms were shifted to higher molecular areas than the pure buffer subphase, although to a much lower extent for POPE compared with POPG and CL ( Fig. 5 ). At 30 millinewtons/m, a value close to the estimated surface pressure of biological membranes in vivo (31-34 millinewtons/m (53, 54) , the mean molecular area for POPE was not significantly modified by the presence of 3Ј,6dinonyl neamine in the subphase (67 Ϯ 3 versus 71 Ϯ 15); however, for POPG and CL, the mean molecular area increased by ϳ1.8 and 1.6, respectively (Fig. 5 ). This discrepancy indicates a much higher adsorption of 3Ј,6-dinonyl neamine into POPG or CL than into POPE. The shift of the mean molecular area was not significantly different between POPG and CL.
Discussion
Amphiphilic neamine derivatives showed high antibacterial activity, including against susceptible and resistant Pseudomonas aeruginosa, and a low toxicity as measured on macrophages (26) . The molecular shape of these antibacterials and the flexibility of the hydrophobic moiety of the 3Ј,6-dialkyl neamine derivatives are critical characteristics for their interactions with LPS of P. aeruginosa and their effect on outer membrane permeabilization (27) . One unanswered critical question to further decipher the molecular mechanism of action of these promising antibacterials is to know whether they are able to interact with lipids found in the inner membrane of Gram-negative bacteria.
Selecting one of the most promising identified derivatives (26), 3Ј,6-dinonyl neamine, we characterized (i) the interaction of this compound with cardiolipin and phosphatidylglycerol, the two main negatively charged lipids of the inner membrane of P. aeruginosa; (ii) the lipid reorganization and clustering of cardiolipin; (iii) the joining of vesicles probably due to hemifusion process; and (iv) the membrane permeabilization and depolarization favored by the presence of cardiolipin.
The lipid phase and the molecular shape of the lipids could be of crucial importance for these effects. Even fatty acid chain identity is highly variable; cardiolipin is characterized by a high degree of chain unsaturation (14, (55) (56) (57) and a global negative spontaneous curvature (58 -60) . In turn, cardiolipin leads to highly bent structures and domains in disordered phases. Based on our results, the ability of the amphiphilic neamine derivative to bind to lipids exhibiting a high negative curvature (such as cardiolipin) could be responsible for lipid membrane reorganization. By affecting curvature stress in the bilayer, a modulation of the lateral phase distribution of cardiolipin induced by 3Ј,6dialkyl neamine could in turn lead to hemifusion.
According to this hypothesis, the amphiphilic aminoglycoside claims space in the headgroup layer of cardiolipin domains and in that of other cone-shaped lipid species that provide more bulk in the hydrophobic acyl chain layer than in the headgroup layer. Therefore, the lipid curvature-driven force hypothesis could be a potential candidate for explaining the permeabilizing effect induced by amphiphilic neamine derivatives. The cone shape of these compounds could fit with the characteristic inverted cone shape of cardiolipin. Such an effect could contribute to promote the subsequent increase in the area of one monolayer with respect to the other (61) . Membrane reorganization and lipid segregation could result ultimately in membrane permeabilization and membrane reorganization with hemifusion and/or stalk intermediates (62) (63) (64) .
Previous studies have shown that divalent cations trigger the hemifusion process by interacting with negatively charged lipids. The proposed mechanism involves reduced repulsion and a dehydration of lipid headgroups (65, 66) and an increase of membrane tension (67) in the outer leaflet (68) . The hemifusion intermediate could directly lead to the formation of a pore, or it might expand radially into a hemifusion diaphragm with the distal membrane leaflets remaining separated and a bilayer formed by the inner monolayers for both vesicles (62) .
Our results show that, similar to what is observed for divalent cations, 3Ј,6-dinonyl neamine (i) interacts specifically with negatively charged lipids and leads to (ii) clustering of negatively curved lipids CL and PE and (iii) an increase in their mean molecular area. Furthermore, the present work shows the fusion of the outer leaflet lipids and the absence of content mixing, indicating an unrestricted hemifusion process (i.e. a non-productive fusion pore opening after onset of lipid mixing) (69) .
Based on our results, we hypothesize that clustering of negatively curved lipids like CL induced changes in localized curvature leading to membrane protrusions and fusion of the outer leaflet into hemifusion intermediates, which would be followed by its expansion into the hemifusion diaphragm formed by the two formerly inner membrane leaflets.
This hypothesis is in agreement with the tendency of CL and PE to undergo a lamellar-to-hexagonal phase transition occurring via a mechanism involving stalk formation (70 -72) .
As demonstrated in this work, cardiolipin is important for LUV permeabilization and depolarization induced by 3Ј,6-dinonyl neamine. This might also be related to the ability of 3Ј,6dinonyl neamine to cause morphological changes in P. aeruginosa with loss of its typical rod shape into more spherical bacteria. Cardiolipin is preferentially localized at both the pole and division sites of rod-shaped bacterial cells (73, 74) . Such cardiolipin-enriched domains may be explained by the extensive network of hydrogen bonds with the other important negatively charged lipids (phosphatidylglycerol) (3). This lipid segregation as well as the ability to disrupt van der Waals packing (75) might be related to critical changes in bacterial physiology. As an example, perturbations of cardiolipin domains in E. coli might be responsible for the changes in the activity of MurG (18), a glycosyltransferase involved in the cytoplasmic stage of peptidoglycan synthesis (76) . Impairment in the ability of MurG to form a complex with proteins involved in lateral envelope growth and cell division (77) could explain both the decreased length of P. aeruginosa and the transition from rodshaped to spherical bacteria induced by amphiphilic aminoglycoside antibiotics. The existence of cardiolipin domains could further explain why the effect is specific to bacterial over mammalian membranes. In fact, bacterial membranes (i) are more negatively charged than eukaryotic membranes; (ii) contain a higher proportion of negative intrinsic curvature lipids, where proteins involved in the formation of the division plane are located (78, 79) ; and (iii) exhibit a dilational elasticity modulus that is much lower than the one found in mammalian membranes (80) .
These combined observations emphasize the importance of the hydrophobic and electrostatic interactions between amphiphilic aminoglycosides and bacterial inner membrane lipids and underline the role of lipid packing. Similar to ␣-synuclein (81) and 2-hydroxylated fatty acid derivatives (82), amphiphilic aminoglycosides showed a high affinity for negatively charged lipids. The data permit the extension of a previous hypothesis suggesting a self-promoted uptake of conventional aminoglycosides within the bacteria (83) . The hydrophobic tail added to the aminoglycoside backbone allows enhanced membrane targeting, LPS destabilization, and inner membrane penetration to reach negatively charged lipids, such as cardiolipin and phosphatidylglycerol. Interactions of the 3Ј,6-dinonyl neamine derivative with these lipids induced membrane permeabilization and depolarization as well as their local redistribution, which in turn resulted in decreased bacterial cell viability. These results suggest that lipid domains (such as cardiolipin platforms) displaying distinctive biophysical properties in bacterial membranes could be targeted in the development of new antibiotics.
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